Recently, the hydrostatic pressure refolding method was reported as a practical tool for solubilizing and refolding proteins from inclusion bodies; however, there have been only a few applications for protein structural studies. Here, we report the successful applications of the hydrostatic pressure refolding method to refold proteins, including the MOE-2 tandem zinc-finger, the p62 PB1 domain, the GCN2 RWD domain, and the mTOR FRB domain. Moreover, the absence of aggregation and the correct folding of solubilized protein samples were evaluated with size exclusion chromatography and NMR experiments. The analyses of NMR spectra for MOE-2 tandem zinc-finger and GCN2 RWD further led to the determination of tertiary structures, which are consistent with those from soluble fractions. Overall, our results indicate that the hydrostatic pressure method is effective for preparing samples for NMR structural studies.
Introduction
A traditional method for solubilizing and refolding recombinant proteins expressed in inclusion bodies is to utilize highly concentrated chaotropic agents, such as GdnHCl and urea, which act as protein denaturants. Denatured proteins are refolded with careful reduction of denaturant concentrations by dilution, dialysis, or size exclusion chromatography. However, such a protein denaturation method often leads to aggregation or incomplete refolding, with low yields of active and soluble isolated proteins.
The application of hydrostatic pressure to dissociate aggregated proteins was initially proposed by Paladini & Weber (1981) . St. John et al. (2001) has applied the hydrostatic pressure method to solubilize proteins that form inclusion bodies in bacteria. Moderate levels of hydrostatic pressure (100 -300 MPa) have also been shown to cause not only protein denaturation but also volume changes of protein cavities, thereby resulting in the modulation of hydrophobic proteinprotein or protein -solvent interactions (Smeller et al., 2006; Seefeldt et al., 2007; Crisman & Randolph, 2009 ). Based on these observations, protein samples can be prepared from inclusion bodies for solubilization without being fully unfolded. This property is an advantage of the hydrostatic pressure refolding technique over the traditional method using chaotropic agents, because several proteins, such as glutathione-S-transferase (GST), cannot be refolded from the denatured state.
Several proteins have been shown to be solubilized and refolded from inclusion bodies under hydrostatic pressure (Schoner et al., 2005; Chura-Chambi et al., 2008; Fradkin et al., 2010; Balduino et al., 2011; Cothran et al., 2011) . In these studies, since the correct folding of proteins has only been evaluated by size exclusion chromatography, circular dichroism spectroscopy or measurement of biological activities, the verification of protein refolding by structural studies is necessary. To date, very few structural studies have been carried out on proteins that were solubilized and refolded by using hydrostatic pressure (Shieh et al., 2008; Okai et al., 2012) .
In this study, we demonstrate several practical applications of the hydrostatic pressure method for solubilizing and refolding proteins from inclusion bodies. Moreover, NMR spectroscopy was used to evaluate the correct folding of solubilized proteins as well as to determine their solution structures. The four following proteins were chosen as the target protein for the demonstration of solubilization and refolding: the tandem zinc-finger domain from Caenorhabditis elegans MOE-2 (Shimada et al., 2002) , rat p62 PB1 domain (Geetha and Wooten, 2002) , Saccharomyces cerevisiae GCN2 RWD domain (Kubota et al., 2000) and FKBP rapamycin-binding (FRB) domain of the mammalian target of rapamycin (mTOR) (Sabers et al., 1995) . All these target proteins contain no intramolecular disulfide bonds. MOE-2 (393 residues) is involved in the germ cell formation and contains a tandem zinc-finger domain (100 -176) as the solely functional domain. p62 (440 residues), which is a scaffold protein leading to the NF-kB activation, contains the PB1 (3-100) and UBA (386 -434) domains. jGCN2 (1590 residues), a multifunctional protein serving as a protein kinase and a histidyl-tRNA synthetase, contains the RWD domain (1-138), protein kinase domain (594 -997), and histidyl-tRNA synthetase domain (1017 -1385). mjTOR (2549 residues) is a large protein kinase that contains a number of distinct functional domains from the N-to C-termini, including 12 HEAT repeats (1 -1480), FAT domain (1513 -1910 ), FRB domain (2015 -2114 ), catalytic domain (2181 -2484 ), and FATC domain (2517 -2549 . Overall, our present study demonstrates that the hydrostatic pressure method is useful for refolding proteins from inclusion bodies and for preparing protein samples for NMR structural studies.
Materials and methods

Construction of expression vectors
To enhance product yields and solubility in the Escherichia coli overexpression system, the gene encoding the immunoglobulin-binding domain of streptococcal protein G (GB1), together with a PreScission protease cleavage site, was cloned into the pHT1 expression vector (a kind gift from Dr Koji Nagata at University of Tokyo). The constructed vector, designated as pHGBPS, allows expression of a protein of interest with an amino (N)-terminal tag containing hexahistidine, GB1, and a PreScission protease cleavage site.
A DNA fragment coding for the tandem zinc-finger domain of Caenorhabditis elegans MOE-2 (MOE-2 ZnF; amino acid residues 100 -176; 9.6 kDa) was PCR amplified from a pET-32b vector containing full-length MOE-2 and then cloned into the pHGBPS vector. A DNA fragment coding for a glutathione S-transferase (GST), followed by the TEV-protease cleavage site and the rat p62 PB1 domain (residues 3 -100 with D67A/D69A mutations; 11.3 kDa) was cloned into a pET-21b expression vector. The gene encoding Saccharomyces cerevisiae GCN2 RWD domain (residues 1 -138) was PCR amplified from a vector containing full-length GCN2 and then cloned into a pPROEX-HTb vector (Life Technologies, Carlsbad, CA, USA). The expressed protein consisted of the N-terminal hexahistidine-tag, the TEV-protease cleavage site, and the C-terminal RWD domain. The gene encoding the mTOR FRB domain (residues 2015 -2114) was cloned into a pGBHPS vector ( Supplementary Fig. 1b in Kobashigawa et al., 2009) . The expressed protein consisted of the N-terminal GB1, the hexahistidine-tag, the PreScission protease cleavage site, and the C-terminal FRB domain.
Bacterial strains and culture conditions
All proteins were overexpressed in E. coli BL21 (DE3) strains transformed with individual expression vectors. After cells were grown in LB broth at 378C to an A 600 of 0.8, protein expression was induced by adding isopropylb-1-thiogalactopyranoside to a final concentration of 1 mM. Induced cells were cultured for another 12 h at 258C. Subsequently, cells were harvested by centrifugation at 4700 Â g for 15 min at 48C, and the supernatant was decanted. Uniformly 
Preparation of inclusion bodies
Cells harvested from 1 L culture medium were suspended in 25 ml of phosphate-buffered saline (PBS) and subjected to sonication for cell disruption. Resulting suspension was centrifuged for 45 min at 16 000 Â g at 48C. Pellets containing inclusion bodies were washed twice with PBS and suspended in 25 ml of buffer for hydrostatic pressure refolding. Further purification of inclusion bodies from cell debris was not applied.
Hydrostatic pressure refolding
For refolding condition screening, suspended samples (1 ml) were poured into a ProVENT caisson (BaroFold, Aurora, CO, USA), whereas for NMR experiments, suspended samples (25 ml) were placed into a plastic bag, which was then sealed by heat. Hydrostatic pressure refolding was performed in a BaroFold M150 pressure equipment filled with water at room temperature with maximum pressure of 250 MPa and a depressurization rate of 25 MPa/5 min. To remove insoluble components, samples were centrifuged at 16 000 Â g for 45 min at 48C. Refolding efficiency was examined by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) or the GST Assay Kit (Merck, Darmstadt, Germany). GST activity was measured essentially by following a standard protocol provided by the manufacturer using 1-chloro-2,4-dinitrobenzene (CDNB) as a substrate. The standard assay mixture contained 1 mM CDNB, 1 mM reduced glutathione, and potassium phosphate buffer ( pH 7.3) in a volume of 0.5 ml. Reactions were followed at 340 nm.
Purification of refolded proteins for NMR experiments
Refolded and solubilized MOE-2 ZnF was purified using Ni-NTA affinity resin (Qiagen, Hilden, Germany), and eluates were immediately applied onto a HiPrep Desalting column (GE Healthcare Life Sciences, Uppsala, Sweden) to remove imidazole. The N-terminal tag consisting of hexahistidine and GB1 was excised from MOE-2 ZnF by PreScission protease treatment (GE Healthcare Life Sciences) for 12 h at 48C and then removed using a HisTrap column (GE Healthcare Life Sciences). Finally, MOE-2 ZnF was purified with a Superdex 75 gel filtration column (GE Healthcare Life Sciences) and eluted with PBS.
GST-tagged p62 PB1 was purified using a glutathionesepharose 4B column (GE Healthcare Life Sciences), and the GST tag was then excised with TEV protease (Life Technologies) for 4 h at room temperature. The p62 PB1 protein was subsequently purified using a Superdex 75 gel filtration column and eluted with PBS. For NMR measurements, the buffer was exchanged by dialysis into 50 mM MES ( pH 6.5) containing 50 mM NaCl and 10 mM DTT.
GCN2 RWD was purified using Ni-NTA affinity resin, and eluates were immediately applied onto a HiPrep Desalting column to remove imidazole. The N-terminal hexahistidine tag was removed from GCN2 RWD by incubation with TEV protease for 18 h at 208C. GCN2 RWD was subsequently purified by anion exchange chromatography on a Resource Q column (GE Healthcare Life Sciences) equilibrated with 25 mM BisTris-HCl ( pH 6), and bound proteins were eluted using a gradient of NaCl from 0 to 1 M in the same buffer. Further purification was carried out using a Superdex 75 gel filtration column, followed by elution with a buffer consisting of 20 mM sodium phosphate ( pH 6.5) and 150 mM NaCl.
The mTOR FRB domain was purified using Ni-NTA resin. The N-terminal tag consisting of GB1 and hexahistidine was excised with PreScission protease for 12 h at 48C and then removed using a HisTrap column. The mTOR FRB domain was finally purified using a Superdex 75 gel filtration column and eluted with 20 mM MES buffer ( pH 7) containing 150 mM NaCl.
NMR spectroscopy and structure calculation
All samples for NMR experiments were concentrated to 1 mM using Vivaspin (GE Healthcare Life Sciences). NMR measurements were carried out at 258C on a Unity Inova 600 spectrometer (Varian, Palo Alto, CA, USA). C-edited nuclear overhauser enhancement spectroscopy (NOESY) spectra were measured with a mixing time of 75 ms. NMR spectra were processed using the NMRPipe program (Delaglio et al., 1995) and then analyzed with Sparky (http://www.cgl.ucsf.edu/home/sparky/).
Cross-peak intensities in NOESY spectra were integrated using Sparky, whereas backbone dihedral angle restraints (f and c) were predicted by Talos (Shen et al., 2009) . Structures were calculated using Cyana (Güntert, 2004) based on distance, dihedral angle and hydrogen bond restraints.
For the structural calculation of MOE-2 ZnF, 2.6 Å distance restraints between a zinc ion and both Sg-atoms of two cysteines and a N12-atom of a histidine residue were incorporated for each zinc-finger motif. For the structural calculation of GCN2 RWD, three distance restraints of hydrogen bonds were incorporated for Tyr74H N -Thr71O, Tyr74H N -Glu18O1, and Tyr76H N -Met73O, based on a 2 H 2 O-exchange NMR experiment.
Results
MOE-2 ZnF
All MOE-2 ZnF proteins were expressed as inclusion bodies in E. coli. To determine the best conditions for obtaining a higher yield of soluble MOE-2 ZnF, we applied hydrostatic pressure (230 MPa) for 12 h on the 1-ml samples in various refolding buffers mainly with different pH conditions. We found that MOE-2 ZnF was not soluble when the pH was ,5 and that the soluble protein fraction increased under higher pH conditions, whereas the addition of dithiothreitol and arginine did not improve MOE-2 ZnF solubility (Fig. 1a) . Based on these data, the optimal refolding condition was determined as follows: 230 MPa for 12 h in a buffer with pH of 8 (50 mM Tris-HCl, 250 mM NaCl, and 50 mM ZnSO 4 ).
Next, 25 ml of inclusion body suspension containing 13 C/ 15 N-labeled MOE-2 ZnF was solubilized under the optimized refolding condition, and the protein sample was purified as described. SDS-PAGE analysis of the samples collected from each purification step (Fig. 2a) indicated that MOE-2 ZnF was solubilized by hydrostatic pressure and purified by affinity chromatography. The insoluble fraction of MOE-2 ZnF (Lane 3) was almost solubilized by the application of hydrostatic pressure (Lane 4), and solubilized MOE-2 ZnF was subsequently purified by Ni-NTA resin (Lane 7). The gel-filtration chromatogram shown in Fig. 2b N-labeled MOE-2 ZnF that was refolded using hydrostatic pressure shows excellent resolution and dispersion (Fig. 3a ). The assignments of 1 H, 13 C and 15 N signals were accomplished by two-or three-dimensional NMR experiments, and the MOE-2 ZnF structure was calculated on the basis of 300 NOE-derived interproton distance and 84 dihedral angle restraints. A total of 100 structures were calculated, and the 20 lowest energy structures were selected. The structural statistics are summarized in Table I . MOE-2 ZnF has two zincfinger domains: the N (residues 100-139) and C (residues 145-176) domains, which are tethered by a flexible linker (residues 140-144). As expected, all structures did not converged to a single conformation, since no interdomain NOEs were found. For individual domains, however, we obtained well-converged structures. Fig. 3b shows the best-fit superposition of backbone atoms for the N-and C-domains, and Fig. 3c shows the ribbon diagram of the entire MOE-2 ZnF structure with the lowest energy. Since each domain represents a typical CCCH-type zinc-finger structure, we conclude Fig. 1 . Effects of pH and buffer conditions on hydrostatic pressure-mediated solubilization of MOE-2 ZnF (a) and p62 PB1 (b) analyzed by SDS-PAGE. Arrows indicate the expressed proteins. The samples were applied onto the 4 -12% Bis-Tris NuPAGE Gel (Life Technologies) with MES running buffer. Lanes: 1, 50 mM sodium acetate and 250 mM NaCl, pH 5; 2, 50 mM MES-NaOH and 250 mM NaCl, pH 6; 3, 50 mM MOPS-NaOH and 250 mM NaCl, pH 7; 4, 50 mM Tris-HCl and 250 mM NaCl, pH 8; 5, 50 mM CHES-NaOH and 250 mM NaCl, pH 9; 6, 50 mM CAPS-NaOH and 250 mM NaCl, pH 10; 7, lane 4 buffer with 1 M arginine; 8, lane 4 buffer with 5 mM dithiothreitol; 9, lane 4 buffer with 1 M arginine and 5 mM dithiothreitol; and 10, inclusion body pellets suspended in phosphate-buffered saline.
that the correct folding of MOE-2 ZnF was achieved using hydrostatic pressure.
p62 PB1 domain
Since p62 PB1 is expressed as partly soluble proteins in E. coli, we could compare the NMR spectra of samples derived from inclusion bodies and soluble components. To determine the best conditions for obtaining a higher yield of soluble p62 PB1 from inclusion bodies, we applied hydrostatic pressure in various refolding buffers mainly with different pH condition. Similar to MOE-2 ZnF, p62 PB1 was not soluble in buffers with pH 5, but the soluble protein fraction increased under higher pH conditions (Fig. 1b) . Based on these data, we determined that the optimal refolding condition was pH 8.
Since the GST-tag was attached to the N-terminus of p62 PB1, refolding efficiency was evaluated by the activity of refolded GST. We first applied hydrostatic pressure to GST-fused p62 PB1 in refolding buffer (50 mM Tris-HCl, 250 mM NaCl, pH 8), with varying pressure and time. 2, wash-out from inclusion bodies; 3, inclusion bodies before hydrostatic pressure refolding; 4, supernatant after hydrostatic pressure refolding and centrifugation; 5, flow-through fraction from Ni-NTA resin; 6, wash-out fraction from Ni-NTA resin; 7, eluate from Ni-NTA resin by 250 mM imidazole; 8, fraction after protease digestion; and 9, eluate from size exclusion chromatography. The molecular mass of MOE-2 ZnF monomer is indicated by an arrow. (b) The retention volume of soluble MOE-2 ZnF refolded by hydrostatic pressure in size exclusion chromatography. MOE-2 ZnF was eluted as a single symmetrical peak at 220 ml. Figure 4a and b demonstrate pressure-and time-dependent refolding efficiency of GST-fused p62 PB1, respectively. We found that the strength of hydrostatic pressure exerted a critical effect on refolding of GST-fused p62 PB1 and that hydrostatic pressure at 200 MPa was sufficient to maximize the yield of soluble proteins (Fig. 4a) . In addition, time dependence was also found to contribute to refolding efficiency of GST-fused p62 PB1, which reached a plateau at 4 h (Fig. 4b) .
Next, 25 ml of inclusion body suspension containing p62 PB1 was solubilized under the following refolding condition: 230 MPa for 12 h in buffer (50 mM Tris-HCl, 250 mM NaCl, 10 mM dithiothreitol, pH 8). The protein sample was purified as described, and monomeric p62 PB1 proteins were obtained from both inclusion bodies and soluble components. The total yield of proteins purified from soluble components was roughly 1.5 times more than that refolded and purified from inclusion bodies.
The 1 H-NMR spectra of p62 PB1 from inclusion bodies and soluble components were obtained and compared ( Fig. 4c and d) . Because both spectra were exactly the same, we conclude that the solution structure of p62 PB1 refolded under hydrostatic pressure condition was exactly identical to that of p62 PB1 purified from soluble components; the latter has been previously reported by Saio et al. (2009) .
GCN2 RWD domain
Since GCN2 RWD is also expressed as partly soluble proteins in E. coli, the correct folding of GCN2 RWD refolded from inclusion bodies could be confirmed by NMR spectra. Inclusion body suspension (25 ml) containing N-labeled GCN2 RWD were collected for both the sample derived from inclusion bodies and the sample derived from soluble components (Fig. 5a ). Because the spectra were identical, we conclude that the solution structure of GCN2 RWD refolded from inclusion bodies by hydrostatic pressure was identical to that derived from soluble components.
The assignments of 1 H, 13 C and 15 N signals were accomplished by two-or three-dimensional NMR experiments. The structure of GCN2 RWD was calculated on the basis of 2293 NOE-derived interproton distance, 128 dihedral angle, and three hydrogen bond restraints. A total of 100 structures were calculated, and the 20 lowest energy structures were selected. The structural statistics are summarized in Table II . The overlay of these 20 structures and the ribbon model of the lowest energy structure for GCN2 RWD is also shown in 30-32; b2, 48-53; b3, 63-69; b4, 80-84; a2, 92-107; and a3, 114 -130 . The atomic coordinates for the GCN2 RWD domain have been deposited to the Protein Data Bank (PDB ID, 2YZ0). It is noted that our current structure is quite similar to that of mouse GCN2 RWD domain (PDB ID, 1UKX; Nameki et al., 2004) . Further superimposition of two structures revealed a pairwise r.m.s.d. of 1.29 Å for the backbone carbon and nitrogen atoms of residues involved in the secondary structure.
mTOR FRB domain
The GB1-fused mTOR FRB domain is expressed as inclusion bodies in E. coli. Inclusion body suspension (25 ml) containing 13 C/ 15 N-labeled mTOR FRB was solubilized under the refolding condition as follows: 230 MPa for 12 h in buffer (20 mM Tris-HCl, 150 mM NaCl and 20 mM b-mercaptoethanol, pH 8), and the protein samples were purified as described. As shown in Fig. 6a , almost all mTOR FRB proteins were solubilized with the application of hydrostatic pressure. Specifically, the protein expression at first was undetectable in the soluble fraction (Lane 1) and was at high levels in the insoluble fraction (Lane 2). After the application of hydrostatic pressure and subsequent centrifugation, almost all proteins were solubilized (Lane 3), and there were very few remaining insoluble components (Lane 4). The solubilized proteins were purified by Ni-NTA resin (Lane 5) and subjected to protease cleavage (Lane 6). Cleaved mTOR FRB was then collected by passing through a HisTrap column (Lane 7) and further purified by gel chromatography. The total amount of solubilized mTOR FRB was 5 mg from 1 L of MP culture medium. To confirm the correct folding of pressure-solubilized mTOR FRB, its substrate, rapamycin, was added to 15 N-labeled mTOR FRB. Figure 6b shows the overlaid NMR spectra of 15 N-labeled mTOR FRB with or without an equimolar concentration of rapamycin. We found that a lot of signals were perturbed by addition of rapamycin, which confirms the binding of rapamycin and furthermore the correct folding of mTOR FRB solubilized by hydrostatic pressure. The mTOR FRB protein was utilized for further structural studies by NMR spectroscopy (Kobashigawa et al., 2012) . Table III summarizes the total amount of solubilized and refolded proteins of MOE-2 ZnF, p62 PB1, GCN2 RWD and mTOR FRB from soluble fractions and inclusion bodies per liter of MP media. One can see that once the protein samples were solubilized and refolded by pressure, the purification steps progressed in a similar manner, since all proteins were expressed in soluble fractions. 
Summary of solubilized and refolded protein yield
Discussion
Our study demonstrates the solubilization of four different proteins from inclusion bodies by hydrostatic pressure: MOE-2 ZnF, p62 PB1 domain, GCN2 RWD domain and mTOR FRB domain. We further evaluated the correct folding by the structure determination using NMR spectroscopy. Our results indicate that hydrostatic pressure refolding is an effective method not only for solubilizing and refolding various proteins but also for preparing samples for protein structural studies.
In general, zinc-finger domains can be refolded by solubilization with denaturants and the subsequent refolding process by removing denaturants, followed by the careful titration of ZnSO 4 with the monitoring using CD spectropolarimetry. The tandem zinc-finger domain of TIS11d, which is a human analogue of MOE-2, has been refolded using this protocol (Hudson et al., 2004) ; therefore, MOE-2 ZnF is expected to be refolded in the same way. However, hydrostatic pressure refolding has the following advantages over denaturants: the simplification of the refolding process and no use of any analytical instruments for monitoring the correct folding. Although a refolding method for GST fusion proteins has never been reported in the past, we show here that the GST-fused p62 PB1 domain could be solubilized and refolded from inclusion bodies, supporting that hydrostatic pressure is significant for efficient sample preparation.
We have so far applied the hydrostatic pressure refolding method for several dozen of protein samples that form inclusion bodies, even though the success rate of refolding has been low (10 -20%). For example, while Takaku et al. (2010) has succeeded in determining the solution structure of the Bem1 SH3-CI domain using the soluble fraction, refolding from the insoluble fraction has failed. In addition, refolding of full-length MOE-2 from inclusion bodies was also unsuccessful. In the case of Oryza sativa NifU-like protein domain I (73 -153) and domain II (154 -226), individual domains were expressed as soluble proteins, and their solution structures were then solved separately Saio et al., 2007) . However, the concatenated protein containing both domains (73 -226) was expressed as insoluble fractions and was not able to be solubilized with the hydrostatic pressure refolding method. For these unsuccessful examples, we speculate that the electrostatic and hydrophobic interactions within each molecule are probably more dominant than the effect of solubilization by applying hydrostatic The protein amounts after each purification step were quantified by analyzing densities of SDS-PAGE gel bands using ImageJ software. Protein tags of GST, hexahistidine and GB1 were excluded by the proportional distribution based on their molecular masses.
pressure. If higher pressure (.300 MPa) is applied, these samples may be solubilized. However, such high pressure causes the overall folding to break and therefore the denaturation of protein samples; as a result, the application of higher pressure would be the same as other refolding methods using chaotropic agents.
To the best of our knowledge, we are the first to successfully solubilize the mTOR FRB domain from inclusion bodies. Overall, we conclude that hydrostatic pressure refolding is helpful for NMR structural studies.
